There is no fundamental limit to the precision of a classical measurement. The position of a meter's needle can be determined with an arbitrarily small uncertainty. In the quantum realm, however, fundamental quantum fluctuations due to the Heisenberg principle limit the measurement precision. The simplest measurement procedures, involving semi-classical states of the meter, lead to a fluctuation-limited imprecision at the standard quantum limit [1, 2] . By engineering the quantum state of the meter system, the measurement imprecision can be reduced down to the fundamental Heisenberg Limit (HL). Quantumenabled metrology techniques are thus in high demand and the focus of an intense activity [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . We report here a quantum-enabled measurement of an electric field based on this approach. We cast Rydberg atoms in Schrödinger cat states, superpositions of atomic levels with radically different polarizabilites. We use a quantum interference process to perform a measurement close to the HL [2], reaching a single-shot sensitivity of 1.2 mV/cm for a 100 ns interaction time, corresponding to 30 µV/cm/ √ Hz at our 3 kHz repetition rate. This highly sensitive, non-invasive space-and time-resolved field measurement extends the realm of electrometric techniques [13] [14] [15] [16] [17] and could have important practical applications. Detection of individual electrons in mesoscopic devices [18] [19] [20] [21] at a 100 µm distance, with a MegaHertz bandwith is within reach.
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Quantum metrology aims at measuring a classical quantity A (a frequency, a field...) with the highest precision compatible with the quantum limits. It make use of a meter system, whose evolution depends upon A. This meter is initially prepared in a reference state and, after some interrogation time τ , read out by a projective measurement. The standard approach uses as a meter an ensemble of N two-level atoms (or spin-1/2 systems) evolving independently. Each of them undergoes, for instance, a Ramsey interferometric sequence. After k repetitions of the experiment, A is determined with a precision at the Standard Quantum Limit (SQL), scaling as 1/ √ N k [1] .
The precision can be enhanced beyond the SQL by entangling the N spins [2] . In most practical situations, the N spin-1/2 systems are equivalent and their symmetric states can be described as those of a large J = N/2 spin [22] . Using spin squeezed states, the HL, scaling as 1/(N √ k), can then be approached [3] [4] [5] . It can even be reached with Schrödinger cat-like states such as
However, the preparation of cat states [23, 24] is experimentally challenging [25, 26] . Their practical metrological use [9] has been restricted so far to N ∼ 10 particles [10] [11] [12] .
Our alternative strategy uses directly a meter system made of a large spin J carried by a single atom. When its evolution is quasi-classical, proceeding through Spin Coherent States (SCS) [22] , the measurement precision is limited by the SQL, scaling as 1/ √ 2Jk. The HL for this large spin meter, however, scales as 1/(2J √ k) [2] . It can be approached when the spin undergoes a non-classical evolution, for instance through Schrödinger cat states.
We report here a quantum-enabled measurement based on this principle. It determines the amplitude F of an electric field F oriented along the Oz quantization axis. The spin-J system belongs to the Rydberg manifold n = 50 of a rubidium atom. Rydberg atoms have a very large polarizability, which makes them particularly suitable for measurements of small electric fields [27, 28] . The Stark levels in the manifold can be sorted by their magnetic quantum number m [ Fig. 1 (a) ]. We use the ladder made up of the lowest energy levels for each m, equidistant to first order in F . This ladder is equivalent to that of the |J, M levels of a spin J = (n−1)/2 = 49/2 with M = m − J. This spin evolves on a generalized Bloch sphere B, |J, J being the circular Rydberg state nC at the north pole of B. The spin levels are connected by σ + -polarized radio-frequency (rf) transitions at the frequency ω(F )/2π = 3nF ea 0 /2h (a 0 : Bohr radius), with ∂ω(F )/∂F = 2π · 96 MHz/(V/cm). The spin coherent states [22] , |θ, ϕ , corresponding to a Bloch vector pointing in the θ, ϕ direction on B are defined by |θ, ϕ = R(θ, ϕ)|J, J . The rotation operator R(θ, ϕ) is realized by the application of a nearly resonant classical rf field with a Rabi frequency Ω rf and a phase ϕ for a duration t such that θ = Ω rf t.
A measurement at the SQL using SCS relies on a double rf pulse technique (Ramsey scheme , Fig 1.b) . A first rf pulse at ω rf prepares the |θ, 0 SCS from the initial state |J, J . In a frame rotating at ω rf around Oz, the further spin evolution is a precession at ω(F ) − ω rf , leading after an interrogation time τ to the |θ, φ SCS with φ = (ω(F ) − ω rf )τ . The field-sensitive phase φ is then read out by applying a final rotation R(θ, π + ϕ rf ) with an adjustable phase ϕ rf . A measurement of the final spin state |ψ f provides information on F with a variance σ F,SQL = σ 
In order to beat the SQL, we measure, instead of φ, the global quantum phase Φ accumulated by the spin J during its evolution on B. Measuring Φ as a function of F requires a quantum reference state |R , unaffected by the spin J successive transformations. We use, for |R , the n = 51 circular state ( Fig. 1.a) . We initially prepare the superposition 1/ √ 2(|J, J + |R ) using a classical microwave (mw) pulse. The |J, J part of this initial state then undergoes the Ramsey sequence sketched in Fig 1. b, ending in state |ψ f , Φ being the phase of ψ f |J, J . We then apply a second π/2 mw pulse, selectively addressing the |J, J → |R transition, with an adjustable phase ϕ mw . We finally measure whether the atom is in the state |J, J or not (Methods).
The probability for finding the atom in |J, J oscillates as a function of Φ. This oscillation is sensitive to small variations of F , since the atomic system is cast during the interrogation time τ in a quantum superposition of two states with different static dipoles, |R and |θ, ϕ , an atomic cat state [29] . The interference phase Φ depends upon the exact spin trajectory on B and thus upon F and ϕ rf (Methods). The amplitude of the interference pattern is proportional to | ψ f |J, J |. It is maximum for ϕ rf ≈ 0 when the field F is close to the reference field F 0 such that ω(F 0 ) = ω rf . Then, Φ can be expanded to first order in a small field variation dF = F − F 0 as:
where Φ 0 is the total phase accumulated for the reference field F 0 (Methods). This leads to a single-shot measurement sensitivity:
scaling as 1/J. The factor J(1 − cos θ), proportional to the difference of the electric dipoles of the components of the superposition, measures the 'size' of the Schrödinger cat. The Heisenberg limit, σ 1 F,HL = (1/2Jτ )(∂ω/∂F ) −1 , is reached for θ = π, when this size is maximum.
In the real experiment, we must take into account the finite duration of the rf pulses (Ω rf /2π = 1.6 MHz) and the second order Stark effect in the n = 50 manifold, which makes the spin states ladder slightly anharmonic. The trajectory of the spin on B and the spin coherent states are distorted accordingly ( Fig. 1.c) . The optimal phase for the second rf pulse is thus ϕ rf = ϕ 0 rf = 0. The state distortion slightly affects the contrast of the interferometric signal. Nevertheless, the main conclusions of the simple case discussion above remain valid. Fig. 2(a) presents, for reference, the results of the classical Ramsey method, in which no microwave pulses are applied (timing in the inset). We measure the probability P (ϕ rf ) for returning in |J, J as a function of ϕ rf for two electric fields F 0 − δF/2 and F 0 + δF/2, with δF = 566 µV/cm. These probabilities are Gaussian (Methods) centered around ϕ 0 rf = 0.715 rd. The contrast is slightly reduced and the width increased w.r.t the ideal case due to the second order Stark effect. The phase shift (δφ = 82 mrad) induced by the variation δF of the electric field is small as compared to the width of the signal (≈ 0.722 rd).
Let us now consider the complete sequence [timing in the inset of Fig. 2 (b)], with a fixed mw phase ϕ mw = ϕ 0 mw . We measure the probability P (ϕ rf , ϕ 0 mw ) to detect finally the atom in the initial |J, J state as a function of ϕ rf for the electric fields F 0 − δF/2 and F 0 + δF/2. This probability exhibits an interference pattern around ϕ rf = ϕ 0 rf , revealing the rapid variation of Φ with ϕ rf (Methods). The contrast of the interference reflects the probability amplitude for the spin J to return in its initial |J, J state. Beyond the effect of the second order Stark shift, this contrast is further reduced by static electric field inhomogeneity, electric field noise and other experimental imperfections. The sensitivity to the electric field variation δF , for a fixed ϕ rf value, is maximal at the mid-fringe points close to the center of the interference pattern. It is clearly larger than that displayed in Fig.  2 .a.
In order to assess the improvement over the SQL, we set ϕ rf = ϕ 0 rf and we record P (ϕ 0 rf , ϕ mw ) as a function of ϕ mw for F 0 − δF/2 and F 0 + δF/2. Fig. 3 .a presents the fringe signals together with sine fits. We extract from these fits the contrast C and the relative phase δΦ = 1.72 rd of the two interference patterns, which is 21 J times larger than the phase shift δφ obtained with the classical method ( Fig. 2.a) . We have checked that δΦ is proportional to δF . Fig. 3 .b presents δΦ as a function of the interrogation time τ , for two rf pulse durations t 1 = 91 and t 2 = 184 ns and hence two θ values (Methods). We observe that δΦ grows linearly with τ , with a slope increasing with θ. The experimental data are in good agreement with the predictions of Eq. (2) (dashed lines). The agreement is improved by taking into account the second order Stark effect (solid lines). Note that for τ → 0, δΦ → δΦ 0 = 0. This is due to the finite duration of the rf pulses, during which the spin state acquires a field-dependent phase along its path on B.
To assess the measurement performance we only consider the phase shift δΦ τ = δΦ−δΦ 0 accumulated during the interrogation time τ . The single-shot sensitivity is then
Figure 4 compares σ 1 F to the SQL and HL as function of τ , for the t 2 rf pulse duration (blue points). For short in-terrogation times, the experimental points are well below the SQL. For larger τ values, the contrast C is reduced by experimental imperfections. In fact, this reduction is in part a direct consequence of the extreme sensitivity of the measurement. Electric field noise integrated over long times blurs the interference pattern.
The best single-shot sensitivity is σ 1 F = 1.2 mV/cm for τ = 200 ns. The experiment repetition rate is limited by the total sequence duration, 300 µs, dominated by the atomic time of flight from preparation to detection. The sensitivity is thus 30 µV/cm/ √ Hz corresponding to the possible detection, in 1 s, of a single electron at a 700 µm distance from the atom. This is, at least, a two orders of magnitude improvement over the sensitivity reached by NV centers [13, 14] or quantum dots [15] [16] [17] . Our experiment competes with the best electromechanical resonators [18, 19] or Single-Electron Transistors (SET) [20, 21] , which provide sensitivities of the order of 10 −6 e/ √ Hz at distances in the µm range, corresponding to 14 µV/cm/ √ Hz. Note, furthermore, that the experimental sequence duration could easily be reduced down to a few µs by detecting the atoms in the interaction zone. The sensitivity would then reach an unprecedented 3 µV/cm/ √ Hz. We have shown that our method performs a quantumenabled measurement of minute electric fields variations, with a non-invasive probe made of a single Rydberg atom, considerably extending the metrologic applications of these states. The measurement time is short (in the ∼ 100 ns range) making it possible to sample tiny variations of the electric field with a MHz bandwidth. It could moreover be resolved in space, with a few micrometers resolution, using Rydberg atom excited in cold, trapped atom samples [30] .
The sensitivity could be brought much closer to the HL with an improved electrode design for a better field homogeneity and increased rf power making it possible to reach θ = π in spite of the second order Stark effect. An interrogation time of 200 ns would then correspond to σ 1 F = 170 µV/cm. For a slightly longer 1 µs interrogation time, the phase-shift of the fringes for a field increment of 200 µV/cm (that of a single electron at a 270 µm distance) reaches π, allowing in principle to distinguish two field values differing by this tiny amount with a single atomic detection (a few atoms if C < 1).
This could lead to interesting applications in mesoscopic physics. The presence or absence of an electron in a quantum dot, realized in a 2D semiconductor or in a carbon nanotube, could be probed with a MHz bandwidth by a few atoms, far away from the mesoscopic structure. As compared to SET detectors, this method does not set tight cryogenic requirement, operates at large distances and does not require any modification of the device under test. Author Information: The authors declare no competing financial interests.
Methods a. Experimental set-up The setup (supplementary figure 1) is made up of two parallel, horizontal disk electrodes, which create the vertical electric field F aligned along the Oz quantization axis. The gap between these electrodes is surrounded by four electrodes forming a ring, used to generate the rf field. The Rydberg atoms are excited stepwise by three laser beams at 780 nm, 776 nm and 1259 nm resonant with the 5S 1/2 → 5P 3/2 , 5P 3/2 → 5D 5/2 and 5D 5/2 → 49F transitions. They cross at a 45
• angle the horizontal atomic beam at the center of the electrode structure. The Doppler effect provides an atomic velocity selection at v = 252±7 m/s. The 780 and 776 nm cw laser beams are collinear, perpendicular to the third one. Every 311 µs, a 0.5 µs pulse of the 1258 nm laser excites less than one rubidium atom on average into the 49F, m = 2 state. This pulse sets the time origin t = 0 for each sequence. The quantization axis during the laser excitation is parallel to the 780 nm laser, and is defined by a dc field applied across the ring electrodes. This field is adiabatically switched off in 1 µs, while a 2 V/cm field is switched on along Oz, which becomes the quantization axis during the measurement sequence. The atoms are then transferred in 2.7 µs into the circular state using an adiabatic rapid passage [26] in a rf field at 230 MHz. The electric field is then ramped up in 2 µs to F = F 0 ±δF with F 0 = 5.50527±0.00021 V/cm (ω(F 0 )/2π = 530.019 ± 0.020 MHz). The state preparation sequence ends with a 0.5 µs-microwave pulse transferring 49C into 50C. This excitation, selective in the magnetic quantum number m, ensures that spuriously prepared elliptical states remain in the n = 49 manifold and do not affect the experimental signals.
The σ + -polarized rf pulses are created by applying on two adjacent ring electrodes signals generated by 530 MHz synthesizers with finely tuned amplitudes and phases. The first pulse starts at t = 8.5 µs. The two microwave π/2 pulses, starting at t = 7.9 µs and t = 23.9 µs, are generated from the same microwave source, a frequency-multiplied X-band synthesizer. They are tuned to 51.091 GHz, on resonance with the 50C → 51C transition in the F 0 field.
After the end of the quantum-enabled measurement, we measure the population of |J, J by applying at t = 30 µs a last m-selective microwave π-pulse tuned on the 50C − 52C two-photon transition and by detecting the 52C level by field ionization in the detector D.
b. Rf pulse duration optimization The rf pulses at 530 MHz have a Rabi frequency Ω rf /2π = 1.6 MHz. The 51C circular reference state |R is the |J , J state of a J = 25 spin evolving on a Bloch sphere B (Fig 1.a) . Due to the different Stark polarizabilities in the 50 and 51 manifolds, the rf field is 11 MHz out of resonance for the J spin ladder and barely affects it. The rf pulse results only in a small J spin precession at 11 MHz near the north pole of B . Moreover, we optimize its duration (t 1 = 91 ns or t 2 = 184 ns) so that the J spin performs exactly one or two complete rotations, returning finally to its initial |J , J state. The corresponding θ values are θ 1 = Ω rf t 1 = 0.92 rd and θ 2 = 1.86 rd.
c. Calibration of the electric field To measure the effect induced by a variation δF of the electric field, we alternate between an experimental sequence where we apply F 0 − δF/2 and a sequence where we apply F 0 + δF/2. F 0 is calibrated by measuring by standard spectroscopy the two transitions |49C → |J, J and |49C → |J, J − 1 separated by the frequency ω(F 0 )/2π. We found ω(F 0 )/2π = 530.019 ± 0.020 MHz, corresponding to F 0 = 5.50527 ± 0.00021 V/cm. The precision of the measurement is limited by the long term drift of the electric field (the error corresponds to the standard deviation over a few days of measurements). We also find δF = 566 ± 13 µV/cm, corresponding to δω/2π = 54.8 ± 1.2 kHz.
d. Determination of the contrast C of the fringes The long term electric field drift affects the contrast of the interference fringes. To get their intrinsic contrast leading to the sensitivity values displayed in figure 4 , we alternate sequences with F 0 + δF/2 and F 0 − δF/2. We then use half of the data corresponding to F 0 + δF/2 to determine the slow phase drift of the interference fringes. This measured drift is used to post-process the other statistically independent half of the data, from which we deduce C.
e. Analytic expression of Φ To derive the expression of the phase Φ, we consider the evolution of J in the rotating frame at frequency ω rf . We set the energy origin at that of the circular state |50C = |J, J . The first rf pulse induces a rotation R(θ, 0), preparing |θ, 0 = R(θ, 0)|J, J . During the interrogation time τ , J rotates along the z axis of the Bloch sphere at a precession frequency δω = ω(F ) − ω rf , leading to the state |θ, φ , with φ = δω τ . Finally, a second rotation R(θ, π + ϕ rf ) brings the coherent spin state in the final state |ψ f .
The phase Φ is defined from the overlap between |ψ f and |J, J :
Using J, J|ψ f = J, J|R(θ, π + ϕ rf )|θ, φ = θ, ϕ rf |θ, φ and the expression of the scalar product of spin coherent states given in [22] we get
In the classical method, the atom is initially prepared in |J, J , and the probability to find it in |J, J at the end of the sequence is
In order to measure Φ, we prepare, with a first mw π/2 pulse, a quantum superposition of |J, J and of the reference state |R . We then apply a second π/2 pulse resonant with the |J, J → |R transition after the rf pulses. The probability to find the atom in |J, J is then given by :
where ϕ mw is the relative phase between the mw pulses, and Φ implicitly depends on ϕ rf . The probability to find the atom in |J, J therefore oscillates with Φ, with an amplitude proportional to P (ϕ rf ). For small values of δω, this amplitude is maximum for ϕ rf ≈ 0 and then :
where Φ 0 is the phase accumulated for δω = 0. f. Single atom sensitivity The single-shot sensitivity is given by σ 1 F = (∂P (ϕ rf , ϕ mw )/∂F ) −1 σ P where σ P is the dispersion of an atomic state detection. It can be rewritten as
The optimum strategy to measure the electric field is to set the phase ϕ rf that maximizes the contrast of the fringes, and to set ϕ mw so that P = 1/2 (mid-fringe setting). Therefore σ P = P (1 − P ) = 1/2 is maximal.
In the ideal case, ∂P /∂Φ = 1/2, ∂Φ/∂F = τ J(1 − cos θ)(∂ω/∂F ), leading to a theoretical single-shot sensitivity :
We calculate the experimental sensitivity corresponding to the interrogation time τ by considering only the differential phase δΦ τ accumulated between the two rf pulses, and writing ∂Φ/∂F ≈ δΦ τ /δF . We also take into account that ∂P /∂Φ = C/2 is reduced by the finite contrast C of the interference fringes. Finally, σ , and is therefore limited by the quantum fluctuations of the SCS. In the quantum enabled scheme, we deduce ∆F from the global phase accumulated during the complete evolution, proportional to the dashed area. (c) Simulation of a realistic sequence for τ = 56 ns and ∆F = 1.7 mV/cm, taking into account the second-order Stark effect and the finite duration of the rf pulses (184 ns). The phase ϕ rf is chosen so that the trajectory is closed for F = F0. The Q-function and the green line corresponds to F = F0 + ∆F . The red line corresponds to the spin trajectory for F = F0.
The value of ∆F is deduced from the difference of the global phases accumulated along the red and green trajectories. The timing is in the inset (green : mw pulses, blue: rf pulses). The data points are experimental, with statistical error bars, with solid lines to guide the eye. The signals corresponding to F0 + δF/2 and F0 − δF/2 are shifted by about the same δφ as in (a). The interference fringes spacing being much smaller than the width of the Gaussian in (a), the quantum-enabled measurement is much more sensitive to variations of the electric field. The background probability for ϕ rf far from ϕ 0 rf is 1/4. When the spin does not return close to the initial state, the n = 50 manifold does not contribute to the signal. However, half of the 50% population stored in n = 51 returns in n = 50 after the final mw pulse. produce the directing electric field F along Oz. The gap between A and B is surrounded by four independent electrodes (1, 2, 3 and 4), on which we apply RF signals to produce σ+ fields with tunable phase and amplitude. Electrodes 1 and 4, not represented, are the mirror images of electrode 2 and 3 (in yellow) with respect to the xOz plane. The laser excitation to the Rydberg states is performed using three laser beams that intersect in the center O of the cavity. The 780 nm and 776 nm laser beams are collinear (red), the 1258 nm laser is sent perpendicular to the other beams (green). Once the atoms have left the electrode structure, they enter the field-ionization detector D.
